Choline acetate (ChOAc), a cholinium ionic liquid (IL), showed almost the same bagasse pretreatment capability as 1-ethyl-3-methylimidazolium acetate (EmimOAc), a conventional imidazolium IL used for biomass pretreatment. Moreover, ChOAc showed less of an inhibitory effect on cellulase than EmimOAc. Thus, ChOAc was used for IL/ultrasound-assisted pretreatment and in situ enzymatic saccharification, where IL was not washed out from the pretreated bagasse but diluted with the addition of a buffer solution. When in situ saccharification was performed for 48 h in the presence of 10% ChOAc, the cellulose and hemicellulose saccharification percentages were 80% and 72%, respectively. When ChOAc was increased to 20%, the saccharification percentages were 72% and 53%, respectively. However, the values were just 28% and 2%, respectively, in case of 20% EmimOAc. A glucose/xylose solution free from IL and ChOAc aqueous solution without these sugars could be recovered separately by electrodialysis of the hydrolysate of in situ saccharification.
Introduction
Ionic liquids (ILs), generally defined as organic salts that melt below 100°C, have received much attention of late, because they are thermally stable, nonvolatile, and capable of dissolving various polymeric compounds even under mild conditions. A previous study demonstrated that ILs can dissolve cellulose (Swatloski, et al., 2002) , and that cellulose re-precipitated after being dissolved in ILs exhibits a much greater efficiency of enzymatic hydrolysis due to its decreased crystallinity (Dadi, et al., 2006) .
Moreover, several groups have extended this IL-assisted pretreatment method to various lignocellulosic biomasses (Brandt, et al., 2013) . It has been demonstrated that the IL-assisted pretreatment methods are more effective than the conventional methods using diluted acid or ammonia Li, et al., 2011 ).
In the IL-assisted pretreatment process, the pretreated biomass has to be washed extensively so as to remove the residual IL because the residual IL in pretreated biomass causes inhibition of cellulolytic enzymes and fermentative microorganisms during saccharification and fermentation (Datta, et al., 2010; Ouellet, et al., 2011) . However, this extensive washing of pretreated biomass results in large amounts of diluted IL aqueous solution, which leads to a high cost for concentrating IL from its diluted aqueous solution by evaporation and for treating the resultant wastewater. The cost issue can be an obstacle for scale-up of IL-assisted pretreatment processes.
Recently, researchers have suggested a simple process comprising IL-assisted pretreatment and in situ enzymatic saccharification without washing out IL from the pretreated biomass and with the addition of a smaller amount of water for diluting IL in order to save costs derived from the extensive washing step (Kamiya, et as well as conventional IL such as 1-ethyl-3-methylimidazolium acetate (EmimOAc) (Wang, et al., 2011; Shi, et al., 2013) . Others employed the IL tolerant cellulase (Shi, et al., 2013) . Moreover, recently, both biocompatible IL [1-ethyl-3-methylimidazolium dimethylphosphate (EmimDMP)] and IL tolerant cellulase were used simultaneously (Xu, et al., 2014) . However, to the best of our knowledge, all IL used for in situ saccharification was limited to the imidazolium IL.
Completely bio-derived cholinium ILs were reported in 2007 that contain cholinium cations combined with amino acid-based anions (Hu, et al., 2007) or carboxylic acid-based anions (Fukaya, et al., 2007) . In previous studies, it was reported that these cholinium ILs could be used for pretreatment to enhance the enzymatic hydrolysis of lignocellulosic material Ninomiya, et al., 2013a,b,c) .
Moreover, our previous study demonstrated that choline acetate (ChOAc) was less toxic for fermentative microorganisms than EmimOAc (Ninomiya, et al., 2013b) . However, to the best of our knowledge, there is no report on in situ enzymatic saccharification using cholinium IL as a candidate for biocompatible IL.
Therefore in the present study, we employ ChOAc as a biocompatible cholinium IL in order to demonstrate the IL pretreatment and in situ enzymatic saccharification of lignocellulosic biomass. The data for pretreatment capability, inhibition to commercial cellulase, and performance of the in situ saccharification process were then compared with data obtained using the standard imidazolium IL, EmimOAc. Moreover, we have demonstrated electrodialysis-assisted separation of IL and monomeric sugar obtained by in situ enzymatic saccharification.
Materials and Methods

Biomass, IL, and cellulase
Bagasse powder (approximately <3 mm) was purchased from Sanwa Cellulosin Co., Ltd. (Yokkaichi, Japan) as the lignocellulosic material. The bagasse powder was ground by a mill and then sieved to obtain a powder of 250-500 µm. Microcrystalline cellulose (Avicel ® PH-101) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phosphoric acid swollen cellulose (PASC) was prepared from the microcrystalline cellulose according to the method described previously (Wood, 1988 
IL-assisted pretreatment and in situ enzymatic saccharification
Bagasse was pretreated with IL and then hydrolyzed enzymatically without washing out IL from the treated bagasse. For the pretreatment step, 0.25 g of bagasse powder was added to a 15 mL Corning tube containing 5 g of IL (EmimOAc or ChOAc).
The biomass/IL mixture in the tube was sonicated, since our previous study revealed that sonication was more effective than conventional heating (Ninomiya, et al., 2013c ).
The ultrasound was irradiated for 60 min at 24 kHz and an emission power of 35 W using an ultrasonic processor (UP201S with sonotrode S3, Hielscher Ultrasonics GmbH, Teltow, Germany) in a water bath maintained at 25°C. Bagasse powder without the IL pretreatment was used as a negative control sample, when necessary.
For the subsequent step of enzymatic hydrolysis, the biomass/IL mixture was diluted with 45, 20, 11.7, and 7.5 mL of 50 mM phosphate buffer (pH = 5.0) to adjust the IL concentration to 10, 20, 30, and 40 wt%. For the positive control, IL was washed 7 out from the pretreated biomass. The biomass/IL mixture was diluted with 45 mL of deionized water in a 50-mL tube, which resulted in the precipitation of the biomass.
After stirring, the 50-mL tube was centrifuged (8,000 ×g) for 10 min at 25°C, and the supernatant was removed. The washing procedure was repeated five times to remove IL.
Then, the biomass was re-suspended in 5 mL of the phosphate buffer, where IL concentration was assumed to be 0 wt% in this study. A cellulase solution was added to the biomass suspension at 40 FPU/g-dry bagasse. The enzymatic hydrolysis reaction was conducted in 100-mL vials at 50°C using a reciprocal shaker at 130 rpm.
During the enzymatic reaction, samples were collected after 0, 3, 6, 9, 12, 24, and 48 h, and then heated at 90°C for 5 min to inactivate the enzyme. After centrifugation of the heated sample at 21,500 ×g for 1 min, the glucose and xylose concentrations in the hydrolysate were determined by high-performance liquid chromatography (HPLC), as described below. Cellulose saccharification was evaluated as the percentage of cellulose hydrolyzed into glucose from cellulose in the original bagasse. In the same manner, hemicellulose saccharification was evaluated as the percentage of hemicellulose hydrolyzed into xylose from hemicellulose in the original bagasse.
Electrodialysis-assisted separation of IL and monosaccharide
An electrodialysis system (DW-Lab, AGC Engineering. Co., Ltd, Chiba, Japan) was used to remove salt, in this case IL, from the in situ enzymatic hydrolysate, which contains soluble sugars and IL in a buffer solution. The electrodialysis system comprises a membrane stack, circulation pumps for each of three compartments (desalination tank, concentration tank, and electrolyte tank: working volumes are all 250 mL), and a DC power supply (PMC18-3A, Kikusui electronics Corp., Yokohama, Japan) ( During the electrodialysis, samples were collected from the desalination tank. The glucose and xylose concentrations in the desalination tank were determined by HPLC, as described below. IL (ChOAc) concentrations in the desalination tank were also determined by HPLC.
Compositional analysis of biomass
The cellulose, hemicellulose, and lignin contents of the original bagasse were determined according to the NREL method (Sluiter, et al., 2012) 
Powder X-ray diffractometry (PXRD)
For PXRD, the biomass (bamboo powder, microcrystalline cellulose, or alkali lignin) was scanned using a horizontal X-ray diffractometer equipped with Cu-Kα where I 002 and I am are the maximum intensity of the (002) lattice diffraction and the minimum intensity between the (101) and (002) lattice planes, respectively.
Results and discussion
Pretreatment capability of ChOAc or EmimOAc for enzymatic hydrolysis of bagasse
To examine the pretreatment capability of ChOAc or EmimOAc for subsequent enzymatic hydrolysis of lignocellulosic biomass, bagasse powder was pretreated in each IL and then hydrolyzed by Ctec2 cellulase for 48 h, where the IL was washed out from the pretreated biomass before saccharification to eliminate any inhibitory effect of IL on the cellulolytic enzyme. Figure 1 shows the time profile for the enzymatic reaction of pretreated bagasse up to 48 h. Without IL pretreatment, cellulose and hemicellulose saccharification percentages were 24% and 9% of the theoretical maximum at 48 h. In contrast, with ChOAc pretreatment, cellulose and hemicellulose saccharification percentages increased with an elapsed enzymatic reaction time, reaching 85% and 100% of the theoretical maximum at 48 h. These time profiles are approximately in line with the cases using EmimOAc, although the cellulose saccharification percentage was somewhat less than the case of EmimOAc. These results indicated that ChOAc had a sufficient pretreatment capability for lignocellulosic materials, which was at almost the same level as EmimOAc under the examined pretreatment condition.
To examine the cellulose crystallinity in the bagasse powder pretreated in ChOAc or EmimOAc with ultrasound irradiation, XRD analysis was conducted and the CrI was determined on the basis of the XRD spectra. The CrI values were 61.9%, 49.1%, and 41.7% for the original biomass, biomass pretreated in ChOAc, and biomass pretreated in EmimOAc, respectively (Table S1 ). These results was roughly consistent with the cellulose saccharification results shown in Fig 1A, suggesting that ChOAc had a substantial pretreatment capability for lignocellulosic biomass EmimOAc has been frequently thought of as the most effective IL for cellulose dissolution and pretreatment of enzymatic hydrolysis (Brandt, et al., 2013) . Pretreatment with ChOAc enhanced the cellulose saccharification to the same degree as pretreatment with EmimOAc (Fig 1) , suggesting that the acetate anion has an important role in the reduction of cellulose crystallinity. In general, anions act as hydrogen bond acceptors that interact with the hydroxyl group of cellulose, thereby weakening the crystalline structure of cellulose (Remsing, et al., 2006) , whereas cations interact with lignin through hydrogen bonding and π-π interactions (Janesko, 2011) . In contrast, the inhibitory effects of ChOAc on cellulase were significantly lower than that of EmimOAc (Fig. 2) , because the cholinium cation was reported to be more biocompatible than the imidazolium cation (Ninomiya, 2013; Petkovic, et al., 2010;
Hou, et al., 2013). Therefore, it is suggested that ChOAc is a promising alternative to EmimOAc for the IL pretreatment and for in situ saccharification of lignocellulosic biomass.
Inhibitory effect of ChOAc or EmimOAc on cellulolytic enzyme
To examine the inhibitory effect of ChOAc or EmimOAc on cellulase enzyme, enzymatic saccharification of the PASC as amorphous cellulose was conducted for 24 h using Ctec2 cellulase in the presence of the prescribed concentration of each IL. (Fig. 1) , the inhibitory effects on cellulase ( Fig. 2 ) and the performance of in situ enzymatic saccharification (Fig. 3 ).
Some researchers (Wahlström, et al., 2014) demonstrated that MmimDMP has a smaller inhibitory effect on cellulase than EmimOAc using the endoglucanases (such as Cel7B or Cel5A) and microcrystalline cellulose, which were different experimental conditions from the present study. There have been no reports on a direct comparison between ChOAc and MmimDMP in terms of inhibitory effects on cellulase enzymes and in situ saccharification performance under the same conditions (type of cellulase and substrate, cellulase loading to biomass, cellulase reaction time, i.e., exposure time to IL, and so on). We are now investigating this point to explore the appropriate IL for in situ saccharification. Moreover, it is necessary to employ an IL-tolerant cellulase such as thermophilic cellulase (Datta, et al., 2010; Shi, et al., 2013) as well as biocompatible IL for further reduction of water use for diluting IL prior to in situ saccharification.
IL pretreatment and in situ saccharification using ChOAc or EmimOAc
To demonstrate the IL pretreatment and in situ enzymatic saccharification of lignocellulosic biomass using ChOAc or EmimOAc, bagasse powder was pretreated in 13 each IL and then in situ hydrolyzed by Ctec2 cellulase for 48 h after diluting to the prescribed IL concentration without washing out the IL from the pretreated biomass. Figure 3 shows the cellulose and hemicellulose saccharification percentage obtained at 48 h of the in situ enzymatic saccharification with different IL concentrations. In the cases for ChOAc, the cellulose and hemicellulose saccharification percentages were larger under the examined IL concentrations, ranging from 10 to 40%. When the in situ saccharification was conducted in the presence of 10% ChOAc, the cellulose and hemicellulose saccharification percentages were 80% and 72%, respectively. In the case of 20% ChOAc, the cellulose and hemicellulose saccharification percentages reached 72% and 53%, respectively. In contrast, in the case of 20% EmimOAc, the cellulose and hemicellulose saccharification percentages were just 28% and 2%, respectively. Thus, it was found that ChOAc was more suitable for the in situ enzymatic saccharification process than EmimOAc.
The biomass-to-sugar conversion process employed in this study has been referred as "IL pretreatment and in situ saccharification" or "one-pot IL pretreatment and saccharification." The present study is the first to demonstrate ChOAc showing both biomass pretreatment capability and biocompatibility for cellulase, and then to apply ChOAc to the in situ saccharification of lignocellulosic material. This in situ saccharification eliminates the conventional step of washing out IL from the pretreated biomass, which can reduce the amount of wastewater and can prevet a "wash out" of soluble oligosaccharides generated during the biomass pretreatment with IL (typically seen in the case of EmimOAc (Table S1) ). However, according to the techno-economic analysis for the overall process of in situ saccharification (Konda, et al., 2014) , it is needed to satisfy the high biomass loading (33-50 wt%) during the pretreatment step as well as the low IL cost ($2.5-0.7/kg) and the high IL recovery (97-99.6%) for ensuring economic sustainability. Our previous study (Ninomiya, et al., 2013a ) revealed that ChOAc pretreatment at a biomass loading of 25 wt% (biomass: IL = 1: 3) did not deteriorate pretreatment efficiency (i.e., cellulose saccharification), but the cellulose saccharification percentage decreased to 50-60% when biomass loading was increased to 50 wt% (biomass: IL = 1: 1). Thus, this is required to enhance pretreatment efficiency even when the biomass loading is 50 wt% by a combined use of IL and microwave irradiation. This process will make the in situ saccharification process more economical and environmentally friendly due to less IL use and less wastewater discharge.
Removal of IL from hydrolysate of in situ saccharification by electrodialysis
To obtain the monosaccharide solution free from IL after the in situ enzymatic saccharification, electrodialysis was performed to remove IL from the hydrolysate of in situ saccharification, containing soluble sugars and ChOAc. Figure 4 with an ion-exchange membrane (Abels, et al., 2013) , liquid-liquid extraction Shi, et al., 2013) , and an aqueous biphasic system using kosmotropic salts (Sun, et al., 2013) . In the present study, the electrodialysis method was selected (Fig. 4) , because it does not require any extra reagents such as acids and bases used in the phase separation described above Sun, et al., 2013) . Moreover, the electrodialysis method itself has already been employed in the salt production industry, although chromatography was unsuitable for scale-up to an industrial level. The present study did not concucted a separation and recovery of cellulase enzyme from the sugar solution. On this point, some researchers have demonstrated recovery of enzyme and IL by means of ultrafiltration and subsequent electrodialysis, respectively, after the the in situ saccharification of cellulosic material (Abels, et al., 2013) . Now, we are going to develop the ChOAc-assisted in situ saccharification of lignocellulosic biomass accompanied with enzyme and IL recovery.
Conclusions
ChOAc, which showed a biomass pretreatment capability and a smaller inhibitory effect on cellulase than EmimOAc, was used for IL/ultrasound-assisted pretreatment and in situ enzymatic saccharification. The cellulose and hemicellulose saccharification percentage was 80% and 72%, respectively, when the in situ saccharification was 
